The polarization of high-harmonics from aligned N 2 molecules was measured by observing the visibility of spatial interference between two high-harmonics generated separately. The minimum visibility was observed at an angle of 60°between the polarization of the harmonic generation laser field and the molecular orientation. In this case, the angular shift of harmonic polarization is 15°from the molecular orientation. Our measurement of the visibility variation matches the theoretical prediction based on the harmonic field calculation for aligned N 2 molecules.
The polarization of high-harmonics from aligned N 2 molecules was measured by observing the visibility of spatial interference between two high-harmonics generated separately. The minimum visibility was observed at an angle of 60°between the polarization of the harmonic generation laser field and the molecular orientation. In this case, the angular shift of harmonic polarization is 15°from the molecular orientation. Our measurement of the visibility variation matches the theoretical prediction based on the harmonic field calculation for aligned N 2 molecules. © The interaction of an intense femtosecond laser field with atoms or molecules can generate highharmonics in the soft x-ray region. The highharmonic generation can be explained with the semiclassical three-step model [1] . The high-harmonic generation process of this model is explained in terms of strong field ionization, acceleration of the ionized electron in the laser field, and recollision of the electron with the parent ion to convert gain energy into radiation. In the recollision process the amplitude of the transition dipole, which determines the high-harmonic intensity, depends on the electronic structure of atoms or molecules. The orientation of molecules can be controlled with the progress of a field-free molecular alignment technique [2, 3] . From high-harmonic spectra obtained from aligned molecules, it is possible to reconstruct the molecular structure [4] and to reveal molecular dynamics, such as molecular alignment [5] [6] [7] , vibration [8] , and dissociation [9] . In addition, the direction of the transition dipole depends on the electronic structure of the molecules. The highest occupied molecular orbital of an N 2 molecule has a linear structure; there exists anisotropy in the recombination of the ionized electron in the strong laser field. Thus, the direction of a transition dipole of aligned N 2 molecules may differ from the recombining direction of the electron. Consequently, the harmonic polarization is dependent on the molecular orientation.
The deviation of harmonic polarization from the polarization of the laser field that drives the molecules needs to be measured to clarify the response of molecules to the applied laser field. The harmonic polarization may be measured by using the polarization dependence of metallic reflectivity in the soft x-ray region. This method has been used to measure the polarization of high-harmonics from atoms driven by an elliptical laser pulse [10] and, more recently, the harmonic polarization from molecules [11] . The latter measurement showed a dependence on the molecular alignment and orbital structure. In the case of a silver mirror at 45°incidence, the reflectivity ratio between the s-and p-polarized fields is about 10 at 30 nm [12] , but the angular dependence of Ag reflectivity is weak. For two silver mirrors, the reflectivity difference between the s-polarized field and the 3°ro-tated field is about 3%. Hence, this polarization measurement can be strongly influenced by harmonic intensity fluctuation if the polarization shift is not large enough. In this Letter, we present the measurement of polarization shift in the high-harmonics from aligned N 2 molecules by using the visibility change of spatial interference between two spatially separated high-harmonic beams. The visibility measurement is much less sensitive to harmonic intensity fluctuation, which gives this method a strong advantage over the metallic mirror method. In addition, this method can be applied to high-harmonics at any wavelength, because it uses the general principle of interference between two light fields.
In our experiments, we measured the spatial interference fringe generated by the two harmonic beams from aligned N 2 molecules while changing the direction of alignment. Two high-harmonics generated on two separate spots form a spatial interference fringe owing to the good spatial coherence properties of the high-harmonics. A similar setup was used to measure the temporal coherences of high-harmonics [13] . By rotating the polarization angles of the aligning pulses in opposite directions while fixing the direction of the harmonic generation pulses, we changed the angle between the molecular alignment and the harmonic generation pulse. Because the visibility exhibits sinusoidal behavior to the angle between the fields [14] , the information on harmonic polarization can be extracted from the visibility measurement of the spatial interference. This polarization estimation can be applied only in the case of linear polarization.
The experimental setup shown in Fig. 1 was used for the polarization measurement. The output from a femtosecond chirped-pulse amplification Ti:sapphire laser operating at 10 Hz was split into four beams, which were used as two pump pulses and two probe pulses, in the configuration of two Michelson-type interferometers. The laser output had a pulse width of 27 fs and a spectral bandwidth of 42 nm centered at 820 nm. The two laser pulses (pulses 1 and 2) generated high-harmonics and another two laser pulses (pulses 3 and 4) aligned N 2 molecules. Pulses 1 and 3 were focused together to a gas jet with a nozzle diameter of 500 m, but pulses 2 and 4 were focused to another spot in the gas jet separated by 150 m. For the aligning pulse an iris was used to control the intensity and beam size in the focusing region. The backing pressure of the gas jet was 3 atm, which yielded a rotational temperature of about 30 K. In the focusing region, the aligning pulses had an intensity of 5 ϫ 10 13 W/cm 2 and the harmonic generation pulses had an intensity of 1 ϫ 10 14 W/cm 2 . For a maximum degree of alignment the time delay between the aligning and harmonic generation pulses was set to 4.1 ps by adjusting the path length [7] . The polarizations of the two aligning pulses were rotated in opposite directions by using two zeroth-order halfwave-plates. The spatial interference fringe of the harmonics was directly recorded on an x-ray CCD in a single shot.
We first checked the interference fringe recorded on the CCD after careful alignment of the whole setup and the spectral change of the harmonics to molecular alignment. Figure 2(a) shows the fringe generated in the case of the two aligning pulses with the same polarization. The fringe profile was obtained from the image of the interference fringe recorded on an x-ray CCD shown in the inset of Fig. 2(a) . As the high-harmonic beam generating the interference fringe consisted of several harmonics, the spectral structure of the harmonics was examined. As shown in Figs. 2(b) and 2(c) , obtained at the polarization angles of 0°and 90°between the aligning and harmonic generation pulses, respectively, the spectral structure of high-harmonics did not change sensitively to the molecular orientation, validating the use of several harmonic orders together for the spatial interference.
We performed the calculation of the visibility between two high-harmonic emissions from the aligned N 2 molecules on the x -y plane under a linearly polarized laser field along the x direction. When the continuum electron state is approximated by a plane wave, the transition dipole d ជ ͑⍀ , ͒ for the recombining electron to the ground-state can be expressed in terms of the harmonic frequency ⍀ and the angle between molecular alignment and laser polarization [4] . Given that the angular distribution, P͑ , ͒, of a molecule lying in the direction for the polarization of the aligning laser in the direction , the harmonic field is proportional to the effective transition dipole d ជ eff :
d ជ eff ͑⍀,͒ = ͐P͑,͒d ជ ͑⍀,͒d. For the estimation of the transition dipole the ground-state wave function was calculated by the Hartree self-consistent field method [15] , and the angular distribution was obtained by solving the timedependent Schrödinger equation for a diatomic molecule [3] . The other harmonic field can be represented by the same formula if is replaced with −. The angle ⌽ of the high-harmonic field is then calculated by ⌽ = arctan͑d eff,y / d eff,x ͒ where d eff,x and d eff,y are the effective transition dipole in the x and y directions, respectively. The visibility V is given by V = ͉cos͑2⌽͉͒ as in the case of a double-slit interference.
The visibility of the spatial interference fringe generated by the two high-harmonics from aligned N 2 molecules was calculated by following the above procedure. When is equal to 0°or 90°, two highharmonics perfectly interfere, because the harmonic polarization follows the polarization of the harmonic generation pulse, giving the visibility of 1. However, at an intermediate angle the harmonic polarization deviates from that of the harmonic generation pulse, reducing the visibility. As shown in Fig. 3(a) the visibility gradually decreases and then increases with the polarization angle of the aligning pulse, and the minimum visibility occurs around 60°.
The visibility measurement of the spatial interference fringe was performed while rotating the polarizations of aligning pulses. The relative visibility, which is the visibility divided by the maximum vis- ibility of 0.62 at 90°, is plotted to show the visibility variation. The error bar of the measured visibility in Fig. 3(b) represents the standard deviation obtained from 20 data points. The visibility measurement shows that the angular deviation of the harmonic polarization is largest when the polarization of the alignment pulse is rotated by 60°. Figure 3(b) shows that the variation in the relative visibility is in good agreement with the calculated visibility obtained by considering the experimentally observed highharmonic spectrum in Fig. 2(b) . Once the visibility is obtained, the polarization angle ⌽ of the highharmonics can be retrieved from the simple relation of ⌽ = 0.5ϫ cos −1 (relative visibility). The visibility measurement in Fig. 3(b) shows that the maximum deviation, 15°, of harmonic polarization from the polarization of the harmonic generation pulse occurs at the molecular orientation of 60°. This result agrees with the theoretical prediction by Levesque et al. [11] , but not with their measurement. Our polarization measurement, thus, shows better agreement with the prediction, and the visibility measurement method should work equally well for other molecules.
In conclusion, we measured the polarization shift of the high-harmonics emitted from aligned N 2 molecules by applying the spatial interferometry. The polarization shift of the high-harmonics, estimated from the visibility measurement of the spatial interference between the two harmonics, showed good agreement with the calculation of the transition dipole between the recombining electron and the ground-state of an N 2 molecule, contrary to the metallic mirror method that gave a smaller polarization shift than the theoretical prediction. As the polarization of high-harmonics from N 2 molecules is controllable by adjusting the molecular alignment, it can give new opportunities for experiments with the polarization spectroscopy employing attosecond pulses.
